ABSTRACT The dietary supplementation of Saccharomyces cerevisiae var. boulardii was evaluated in broilers challenged or not challenged with Salmonella Enteritidis (SE) using a 2 × 2 factorial arrangement. Depending on yeast inclusion at 0 (C) or 1 × 10 9 cfu/kg diet (Y) and SE challenge (0 or log 6.3 cfu/bird) on d 15, the experiment had four treatments C, Y, C-SE, and Y-SE, respectively. Each treatment had seven replicate floor pens with 15 broilers. Growth performance responses were determined weekly and overall for the 5 week experimental period. Salmonella levels and prevalence in ceca, cloacae, and carcass skin were determined by culture procedures, while cecal microbiota was determined by real time PCR. Yeast supplementation had no effect (P Y > 0.05) on growth performance. For the overall post SE-challenge period (i.e., wk 3 to wk 5), Salmonella reduced body weight gain (BWG) (P SE < 0.001), feed intake (FI) (P SE = 0.032), and the European production efficiency (EPEF) factor (P SE = 0.005). Broilers Y-SE had higher (P < 0.001) overall BW gain compared to C-SE ones. Overall mortality was 2.14% and did not differ (P > 0.05) between treatments.
INTRODUCTION
Rising livestock production costs and resistance development of major zoonotic bacteria to critically important antimicrobials (EFSA and ECDC, 2014) calls for effective intervention strategies targeting animal performance and health. In turn, animal health is important for the enhancement of food safety and reduction of food borne diseases from the farm to the fork. For example, Salmonella Enteritidis (SE) was the C 2015 Poultry Science Association Inc. Received May 11, 2015. Accepted July 9, 2015. 1 Corresponding author: kmountzouris@aua.gr most frequently isolated Salmonella serovar from broiler flocks (EFSA, 2007) and the most frequently reported serovar in cases of broiler associated human salmonellosis in the European Union (EFSA, 2008 (EFSA, , 2011 .
Measures to avoid flock exposure to pathogens via the implementation of biosecurity protocols as well as measures to reduce flock susceptibility to infection at farm level are highly warranted. Breeding programs selecting for performance and disease resistance traits, vaccination programs, and tailored applications of water and feed bioactive additives could be important tools in the battle to reduce pathogen numbers at farm level, the environment, as well as those entering the food chain (Doyle and Erickson, 2006; EFSA, 2011) .
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In terms of reducing flock susceptibility to infection, the exploitation of live beneficial microorganisms to combat pathogens within the avian gut currently attracts a lot of scientific interest. Besides the various species of bacteria being researched for their probiotic properties and ability to competitively exclude Salmonella (e.g., Higgins et al., 2007 , Mountzouris et al., 2009 , Chen et al., 2012 , there is evidence that live yeasts such as Saccharomyces cerevisae cultures as well as yeast bioactive derivative products (e.g., extracts and cell wall components) can be effective to exclude pathogens and promote intestinal health via beneficial effects on gut maturation, integrity, morphology, and immunomodulation (Line et al., 1997 (Line et al., , 1998 Spring et al., 2000; Cox et al., 2010; Fassina and Thanissery, 2011; Haldar et al., 2011; Lensing et al., 2012; Shao et al., 2013) . In addition, dietary supplementation of yeasts or yeast derivative products may improve zootechnical performance parameters (Bradley et al., 1994 , Zhang et al., 2005 Gao et al., 2008; Muthusamy et al., 2011) .
In terms of food safety, FAO and WHO (2009) highlighted the need for more studies on the effects of specific interventions in commercial poultry flocks in terms of the food safety of poultry meat. Broiler raw or undercooked meat is an important source of Salmonella (EFSA, 2007; 2012) . In this sense, besides growth performance responses, this study aimed to determine yeast effects on Salmonella levels and prevalence in cecal digesta, cloacae, and on carcass skin (e.g., breast and neck) of broilers challenged or not with SE. In addition, since the effects of yeast supplementation on gut microbiota composition in broilers are largely unknown, this study aimed to investigate the yeast effects in dominant constituents of cecal microbiota in broilers challenged or not with SE.
MATERIALS AND METHODS

Animals, Housing and Experimental Treatments
The experiment was designed to have a pre-SE challenge period (from d 1 to d 14) and a post SE-challenge period (d 15 to d 35) where challenged and nonchallenged broilers were reared under identical conditions. An experimental facility designed for broilers and constructed according to the international standards for sterile rooms ISO 14644-1 and F.S. 290E (ClimaThermica Ltd, Athens, Greece) was used. Two experimental rooms within the facility which were identical in terms of size, construction and environmental control, fitted with airlock doors and absolute air filters in all air inlets and outlets, were used to separate SE-challenged from non SE-challenged treatments.
Four hundred and thirty (430) one-day-old male Cobb broilers vaccinated for Marek, Infectious Bronchitis, and Newcastle Disease were obtained from a commercial hatchery. Ten broilers were euthanized upon arrival to the experimental unit to assay for Salmonella presence. The remaining 420 were randomly allocated to groups of 15 broilers in 28 clean floor pens (1 m 2 ), with 14 pens per experimental room. Broilers were raised on rice hulls litter. All broilers received a wheatsoybean meal basal diet in mash form, formulated to meet Cobb nutrient requirements using a two phase feeding approach (i.e., d 1 to d 21 and d 22 to d 35). The ingredient and calculated chemical composition of the experimental diets are shown in Table 1 .
During the pre-SE challenge period (d 1 to d 14), there were 2 treatments per experimental room, each treatment having 7 replicate pens of 15 broilers each. The 2 treatments were: Control (C) where broilers received basal diet without yeast addition and Yeast (Y) where broilers had Saccharomyces cerevisae var. boulardii CNCM I-1079 (Levucell SB 20, Lallemand SAS, Blagnac, France) added at 50 mg (i.e., 1 × 10 9 cfu) /kg diet.
At d 15, all the birds in one of the 2 experimental rooms were challenged with SE resulting in a 2 × 2 factorial design whereby yeast supplementation (No /Yes) and SE-challenge (No /Yes) were the main fixed factors. The four treatments were: C: basal diet no yeast addition and no SE-challenge; Y: basal diet with yeast addition (50 mg/kg diet) and no SE-challenge; challenged control (C-SE): basal diet no yeast addition and SE-challenge, and challenged yeast (Y-SE): basal diet with yeast addition and SE-challenge.
Throughout the 35 d experiment the experimental diets and water were available ad libitum. A 23 h light to 1 h dark lighting regime was applied during the experiment, except from day one when lights were on for 24 h. The complete feeds per experimental treatment were stored in sacks that had been appropriately and clearly labeled. Overall housing and care of the animals conformed to the Faculty of Animal Science and Aquaculture of the Agricultural University of Athens research ethics guidelines. The experimental protocol was in accordance with the current European Union Directive on the protection of animals used for scientific purposes (EC 43/2007; EU 63/2010) and was approved by the relevant national authority.
Determination of Yeast Concentration in Product and Feed
A 10 g sample of the yeast Saccharomyces cerevisiae var. boulardii CNCM I-1079, or complete feed containing the yeast at 50 mg/kg, was homogenized in a sterile suspension medium containing (g /L demineralised water): K 2 HPO 4 : 2.5 g; KH 2 PO 4 : 2.5 g; Tween 80: 1 g; Bacto Pepton: 1 g; and NaCl: 8.5 g and was subsequently serially diluted in sterile peptone-salt diluents. Dilutions were plated in duplicate on Sabouraud chloramphenicol agar (Oxoid, Basingstoke, UK) and incubated at 30
• C for 48 h under aerobic conditions. Five product and feed preparations were analyzed, colonies were counted and results were expressed as log 10 cfu/g product or g feed (means ± S.D) as appropriate.
Salmonella Enteritidis Challenge Inoculum Preparation
Salmonella enterica subsp. enterica serovar Enteritidis (ATCC 13076) was used to challenge the birds. The SE was grown in a brain heart infusion BHI broth (Oxoid, Basingstoke, UK) and incubated for 20 h at 37
• C reaching 9.3 log cfu/mL and subsequently diluted 100-fold in sterile PBS to make the challenge inoculum. On the day of challenge (d 15), each bird received orally 0.1 mL from the freshly prepared inoculum (i.e., log 6.3 cfu) via a pipette tip. In addition, the SE strain was sero-typed using an appropriate latex agglutination test (Wellcolex Colour Salmonella, Remel Inc, KS) and was confirmed as group D.
Broiler Growth Performance Responses
Growth performance parameters such as body weight (BW), BW gain (BWG), feed intake (FI) and feed conversion ratio (FCR) defined as feed intake:weight gain, were determined on a weekly basis during the 35 d (wk 1 to wk 5) experimental period. Overall BWG, FI, and FCR were calculated for the period pre-SE-challenge (wk 1 to wk 2), for the period post-SEchallenge (wk 3 to wk 5), as well as for the whole duration of the experiment (wk 1 to wk 5). Mortality was monitored on a daily basis. Finally, the European Production Efficiency factor (EPEF) was calculated according to the formula: EPEF = [(liveability (%) × live weight (kg)]/[age (d) × FCR] × 100 according to Awad et al. (2009) for the period post-SEchallenge (wk 3 to wk 5) as well as for the overall experiment based on the respective BW, FCR, and liveability data.
Salmonella Enumeration and Prevalence in Ceca, Cloacae and Carcass Skin
A non-selective pre-enrichment of all samples in buffered peptone water (Oxoid, Basingstoke, UK) at 37
• C for 18 h, followed by selective enrichment in Muller-Kauffmann tetrathionate/novobiocin broth (MKTT-n broth) at 37
• C for 24 h and a plate out procedure onto xylose lysine deoxycholate (XLD) and brilliant green agars (Oxoid, Basingstoke, UK) was the protocol employed in order to test for Salmonella presence in broilers. In particular, during the pre-SE-challenge period (d 1 to d 14), broilers were tested for Salmonella presence twice. In the first instance, ten broilers were euthanized upon arrival at the experimental unit and in the second instance, 28 birds (i.e. one per pen) were randomly selected and euthanized 2 days prior to SEchallenge. At both instances, broiler ceca were initially homogenized in buffered peptone water so as to yield a 1:10 w/v dilution before employing the analytical protocol described above.
In addition, on d 33, birds were assayed for Salmonella presence on the carcass skin (i.e., neck and breast) and in cloacae prior to scalding. For this purpose, 7 birds per treatment (i.e., one bird per replicate pen) were randomly selected, euthanized, their skin and cloacae sampled post mortem using cotton swabs and subsequently analyzed for Salmonella following the pre-enrichment/selective enrichment, and plate out protocol described above. Results were expressed as log 10 cfu/mL enrichment broth. For confirmation of colony identity grown on each selective medium, typical colonies were randomly selected and reacted with appropriate commercial rapid qualitative agglutination latex test procedures.
During the post-SE-challenge period, and in particular on d 15, d 21 and d 35 of broiler age (i.e., d 1, d 7 and d 21 post-SE-challenge), 7 birds per treatment (i.e., one per replicate pen) were randomly selected, euthanized, and their cecal digesta homogenized (1:10 w/v) in buffered peptone water. Subsequently, decimal serial dilutions of each homogenate were plated in duplicate onto XLD agars containing 7 μg novobiocin/mL of medium (Restaino et al., 1982) and incubated aerobically at 37
• C for 24 h. Results were expressed as log 10 cfu/g wet cecal digesta.
Cecal Microbiota Composition
Apart from the Salmonella detection/enumeration described above, the composition of cecal microbiota of the birds at d 15 and d 35 was studied using real time PCR analysis. For the purpose of the analysis, cecal digesta samples from seven birds per treatment and at each sampling time were used and total DNA was isolated and purified using a suitable commercial kit (PSP R Spin Stool DNA Kit, Stratec Molecular GmbH, Berlin Germany). The lysis protocol was optimized by incorporating an additional 30 min lysozyme digestion step. For each sample, the purified DNA was eluted in 200 μL elution buffer and the quality and quantity of the preparations were determined by spectrophotometry (NanoDrop-1000, Thermo Fisher Scientific, Waltham, UK) and stored at −30
• C. Cecal digesta samples were analyzed for the following selected cecal microbiota constituents: total bacteria, Escherichia coli, Lactobacillus spp., Bifidobacterium spp., Bacteroides spp., Clostridium perfringens subgroup (Clostridial Cluster I), and C. coccoidesEubacterium rectale subgroup (Clostridial cluster XIVa). Suitable primers targeting the 16S rRNA gene for each one of the target microbiota constituents were selected from the relevant scientific literature (Table 2) . Primer specificity was confirmed using BLAST and were obtained by IDT (Integrated DNA Technologies Inc, IA).
Reference microbial strains (Table 3) were used for primer verification and standard curve construction. All reference strains used for DNA isolation were grown in appropriate media and their cfu determined upon culturing in suitable agar plates and culture conditions. Standard curves were constructed from 10-fold serial dilutions of known concentrations of each reference strain genomic bacterial DNA and cfu plotted against the respective cycle threshold Cycle threshold (Ct) value. Cecal sample DNA and cfu for each one of the selected microbiota constituents were determined by interpolating the Ct values obtained from the cecal samples into the appropriate standard calibration curve. Real time PCR was performed using an ABI 7500 Real time PCR system (Applied Biosystems, CA) using optical grade 96-well plates (PEQLAB Biotechnologie GmbH, Erlangen, Germany). All reactions were made at a 20 μL final volume and consisted of 10 μL of 2×Green Dye master mix (Rovalab GmbH, Teltow, Germany), forward and reverse primers each at final concentration of 200 or 300 nM (i.e., 0.4 or 0.6 μL of a 10 μM stock), 1 μL of bovine serum albumin (20 μg/mL), 2 μL of template DNA (50 ng sample DNA/reaction), 0.2 μL passive ROX reference dye (5 μM) at 50 nM final concentration, and PCR grade water up to 20 μL final reaction volume. The amplification program used was one cycle of 95
• C for 10 min, 40 cycles of 95
• C for 30 s, primer specific annealing temperature (Table 2) for 60 s, then 72
• C for 33 s. Following amplification, a melt curve analysis was contacted to analyze the melting profile of the amplified product.
Statistical Analysis
Data relating to growth performance parameters (i.e., BW, BWG, FI, and FCR) and cecal composition microbiota were subjected to the Kolmogorov-Smirnov test to test for a normal distribution and were found to be normally distributed. Subsequently, growth performance data were analyzed in 2 sets. In the first set, data referring to pre-SE-challenge period (i.e., wk 1 to wk 2) and data for the whole experiment (wk 1 to wk 5) were analyzed by one-way ANOVA, taking yeast supplementation as the only fixed effect. The second set dealt with data referring to the post-SE-challenge period (i.e., wk 3 to wk 5). In particular, for the post-SE-challenge period, growth performance data as well as cecal microbiota composition data were analyzed with the general linear model general factorial ANOVA procedure using yeast addition (No/Yes) and SE-challenge (No/Yes) as fixed factors. Probability values equal to or less than 0.05 (P ≤ 0.05) were considered significant. Statistically significant effects were further analyzed and treatment means were compared using Duncan's multiple range test.
All microbial cfu data were transformed to respective log 10 values before being analyzed. Data regarding Salmonella analyses (cfu/g cecal digesta or mL enriched culture) deviated from the normal distribution and non-parametric tests were employed. In particular, data referring to Salmonella counts (i.e., ceca, breast skin, neck skin, and cloacae) as well as mortality were analyzed by the non-parametric Kruskal-Wallis procedure, while the frequency of Salmonella presence data were transformed into binary (i.e. 0 = not detected, 1 = detected) and were subsequently analyzed using the binary logistics test.
RESULTS
Yeast Concentration in Product and Complete Feeds
The concentration of yeast in the Saccharomyces cerevisiae var. boulardii CNCM I-1079 product was determined to be 10.8 ± 0.07 log cfu/g product, while with addition of the yeast at 50 mg/kg feed, the yeast concentration in complete feeds was 6.4 ± 0.27 (log cfu/g feed) which were in accordance with the product manufacturer specifications.
Growth Performance Responses
During the pre-SE-challenge period (i.e., wk 1 to wk 2), there were no significant (P > 0.05) differences for BW, BWG, FI, FCR, mortality, and EPEF determined between birds fed on the C diet and birds fed on the Y diet in both experimental rooms (data not shown).
During the post-SE-challenge period (i.e., wk 3 to wk 5), yeast supplementation had no effect (P Y > 0.05) on any of the growth performance responses determined (Table 4) . However, SE-challenge resulted in reduced (P SE = 0.034) BW gain and FI (P SE = 0.001) in wk 3. Significant interactions between yeast supplementation and SE challenge were noted for FI and FCR (P Y×SE = 0.041 and 0.012, respectively) in wk 5. In particular, Means with different superscript (a,b,c) within the same row differ significantly (P ≤ 0.05).
3 Pooled standard error of means. 4 Data for the whole experiment were analyzed by one way ANOVA using yeast supplementation as the only fixed factor. yeast supplementation resulted in higher FI compared to the C group. In addition, the Y-SE group had lower FI compared to the Y group. Broilers in the C-SE group had worse FCR compared to the C group. In addition, in wk 5, SE-challenge resulted in reduced BW gain (P SE < 0.001) and worse FCR (P SE = 0.015). For the overall post-SE-challenge period, significant interactions between yeast supplementation and SE challenge were noted for FCR and EPEF (P Y×SE = 0.021 and 0.028, respectively). In particular, broilers that were not supplemented with yeast and were challenged with SE had worse FCR compared to the non-challenged ones, whereas yeast supplementation resulted in similar FCR irrespective of SE challenge. EPEF did not differ between yeast supplemented broilers irrespective of SE challenge, whereas when broilers were not supplemented with yeast, SE challenge resulted in significantly reduced EPEF compared to the C group. In addition, for the period wk 3 to wk 5, Salmonella reduced BWG (P SE < 0.001), FI (P SE = 0.032) and EPEF (P SE = 0.005).
Finally, by assessing the experiment as a whole (i.e., wk 1 to wk 5), it was shown that BWG was higher (P < 0.001) for the non-SE-challenged treatments (i.e., C and Y) compared to the SE-challenged ones (i.e., C-SE and Y-SE), while from the SE-challenged ones the yeast supplemented treatment (Y-SE) had higher BWG compared to the respective un-supplemented one (Table 4) . Regarding FI, this was higher (P = 0.018) in treatment Y compared to the rest. Finally, both non-SE-challenged treatments (i.e., C and Y) had better (P = 0.006) EPEF compared to the SE-challenged treatment C-SE, with treatment Y-SE being intermediate and not different from the other 3 treatments.
Overall mortality during the pre-SE-challenge, the post-SE-challenge period, and for the whole experiment were 1.19, 0.95, and 2.14, respectively, and did not differ (P > 0.05) between treatments.
Salmonella Enumeration and Prevalence in Caeca, Cloacae and Carcass Skin
All birds tested for Salmonella prior to SE-challenge (i.e., at d 1 and d 12 of broiler age) were found negative. In addition, the non-SE-challenged treatments (i.e., C and Y) were Salmonella negative for the whole duration of the experiment (wk 1 to wk 5) and therefore they were omitted from the statistical analysis regarding Salmonella enumeration and prevalence. Due to the fact that data on Salmonella levels in the cecal digesta, as well as on the carcass skin and in the cloacae, of boilers of the SE-challenged treatments were not normally distributed, the results were presented as medians including their respective quartile range given as lower (Q1) and upper (Q3) quartiles .
There were no differences regarding Salmonella prevalence and levels in the broiler cecal digesta among the 2 SE-challenged treatments in any of the 3 sampling instances examined (Tables 5 and 6 ). Irrespective of treatment, a reduction (P = 0.024) in cecal digesta Salmonella frequency with time post-SE-challenge (i.e., d 7 vs d 21) was noted (data not shown).
In order to determine Salmonella prevalence and levels on the carcass skin (i.e., breast, and neck) and in cloacae post mortem and prior to scalding, all samples taken by cotton swabbing were enriched prior to plating according to the relevant materials and methods section. If there were no colonies present, samples were assigned a zero value since it was considered that enrichment procedures should have resulted in every Salmonella colony present in the initial sample proliferating.
Among the carcass components (i.e., breast and neck skin) and the cloacae examined for Salmonella, significant differences between the SE-challenged treatments were shown for Salmonella levels on breast skin (P = 0.006) and the respective cloacae samples (P = 0.014). In particular, in both cases, treatment Y-SE had significantly lower Salmonella levels compared to treatment C-SE (Table 6 ).
In addition, despite the fact that there were no differences regarding the medians of Salmonella levels on neck skin samples (Table 6 ), Salmonella prevalence was lower (P = 0.007) in treatment Y-SE (57.1%) compared to C-SE (100%) ( Table 5 ). Treatments were: C = basal diet no yeast addition and no SE-challenge; Y = basal diet with yeast addition (50 mg/kg diet) and no SE-challenge; C-SE = basal diet no yeast addition and SE-challenge and Y-SE = Basal diet with yeast addition and SE-challenge.
2 Treatment (C, Y, C-SE and Y-SE) data represent means from n = 7 broilers analyzed per treatment.
3 Pooled standard error of means. 3 Pooled standard error of means.
Cecal Microbiota Composition
The effects of yeast supplementation and SEchallenge as main factors were studied on selected cecal microbiota constituents at 2 sampling times post-SEchallenge. The inclusion of yeast did not result in significant changes compared to the non-yeast -supplemented treatments for any on the cecal microbiota constituents determined at d 1 (Table 7 ) and d 21 (Table 8) post-SE-challenge.
On the contrary, SE-challenge depressed total bacteria (P SE = 0.002), E. coli (P SE = 0.006), Bifidobacterium spp. (P SE = 0.006), Bacteroides spp. (P SE = 0.010), and Clostridial populations belonging to cluster I and cluster XIVa, (P SE = 0.047 and P SE = 0.001, respectively) on d 1 post-SE-challenge (Table 7) compared to the non-SE-challenged treatments (i.e., C and Y).
On d 21 post-SE-challenge, a significant interaction (P Y×SE = 0.002) between yeast supplementation and SE-challenge was noted for the cecal population of Clostridial cluster I. In particular, while broilers that were not supplemented with yeast had lower Clostridial cluster I counts compared to the yeast supplemented ones, SE-challenge resulted in the opposite effect between yeast and non-yeast supplemented broilers. However, broiler SE-challenge resulted in depression of the cecal populations of Lactobacillus spp. (P SE = 0.001) and Bifidobacterium spp. (P SE = 0.049) on d 21 post-SE-challenge compared to the non-SE-challenged groups (Table 8) .
DISCUSSION
In this work, yeast effects on growth performance, Salmonella levels, and prevalence in cecal digesta, cloacae, and on the carcass skin as well as on cecal microbiota composition were evaluated in broilers challenged or not with Salmonella Enteritidis. In particular, SE was selected on the basis that it has been the major serotype of concern for human salmonellosis (EFSA, 2007 (EFSA, , 2011 . Broilers were raised in floor pens and on rice hulls litter in order to better simulate commercial farm conditions and to enable the recycle of SE via the litter due to the natural coprophagic activity of birds (Line et al., 1998) . The latter, irrespective of the degree of broiler colonization by SE, was considered appropriate for maintenance of salmonella load in the gut and also contamination of broiler carcass skin to a variable extent.
Besides their extensive use in many food processes, yeasts find applications in animal nutrition due to their beneficial nutritional, metabolic, antimicrobial, and immunomodulatory roles (Hatoum et al., 2012) , their ability to stabilize the rumen microbial ecosystem (Chaucheyras-Durand et al., 2008) , as well as their ability to bind-detoxify mycotoxins (Stanley et al., 1993; Pizzolitto et al., 2013) .
In this study, in the case of non-SE-challenged birds, yeast supplementation at 50 mg/kg diet (Y) did not improve growth performance compared to the control (C). Generally, yeast inclusion level and the time of performance assessment (e.g., broiler growth phase) have been shown to affect broiler growth performance responses. For example, supplementation of S. cerevisiae at 1 g/kg did not improve overall BW and BWG up to 21 d of broiler age . However, improvements in BWG and FCR at finisher phase and overall (i.e., d 1 to d 42) were noted upon supplementation of yeast at 2.5 g/kg diet (Gao et al., 2008) , or 5 g/kg (Zhang et al., 2005) compared to the nonsupplemented controls. In addition, the type of yeast and/or yeast derivative may affect performance responses . Furthermore, in the absence of pathogenic challenge, yeast derived products may (Muthusamy et al., 2011) or may not (Shanmugasundaram and Selvaraj, 2012) improve growth performance. Based on all the above, the lack of a significant improvement between the yeast supplemented treatment Y and the non-supplemented control C, under no pathogenic conditions, could imply that higher yeast inclusion levels and longer experimental durations (i.e., 42 d instead 35 d) should be considered in future studies. However, Salmonella challenge impacted negatively on growth performance in wks 3 and 5, and overall. In particular, for the whole post-SE-challenge period, SE-challenge reduced broiler BWG, FI, and EPEF compared to the non-challenged birds by 7.1%, 4.6%, and 8.7%, respectively. Contrary to this study, no other studies have attempted similar comparisons either because all treatments were challenged with Salmonella or the non-Salmonella challenged treatments were not housed under identical conditions for comparison. For the whole experimental period, the treatment group C-SE had significantly lower overall BWG by 4.3% compared to treatment group Y-SE. Significant improvements by S. boulardii supplementation at 10 logs cfu/kg diet had been reported for the final BW and BWG determined at 47 d of age in broilers challenged with SE (Gil de los Santos et al., 2005) . Finally, both the SE challenged treatments had lower BWG compared to the respective non-challenged ones. Overall mortality was low and other Salmonella related clinical symptoms were not noted in any of the treatments. In addition no visible intestinal lesions were found post mortem.
According to EFSA measures, to reduce Salmonella prevalence in live animals should be one of the most effective ways of reducing the contamination of foodstuffs and the number of human salmonellosis cases (EFSA, 2004) . In this study, once SE was introduced to the birds, it remained in the flock and was detected to a variable degree in the cecal digesta, the cloacae, and on the carcass skin of the birds in the period following SE-challenge. It was also shown that yeast supplementation significantly reduced Salmonella levels in the cloacae and on the carcass skin (i.e., breast) as well as Salmonella prevalence on neck skin. The findings above could be considered relevant for reducing the Salmonella load leaving from the farm to slaughter, thereby contributing towards a safer food chain. However, Salmonella levels and frequency in the cecal digesta were not significantly reduced by yeast supplementation. From the limited number of relevant studies, it seems that the challenge model, the Salmonella serotype, the yeast type, and inclusion level could affect Salmonella levels and prevalence in broilers (Line et al., 1997; Line et al., 1998; Haldar et al., 2011) .
The mechanism by which S. cerevisae var. boulardii reduces salmonella colonisation is still unknown. Among potential mechanisms could be the ability of yeast to agglutinate pathogens such as Salmonella and E. coli known to express mannose specific type-1 fimbriae (Line et al., 1998; Spring et al., 2000) . However, the SE strain used in this work has been shown not to express type 1-fimbriae (Spring et al., 2000) and therefore a direct SE elimination effect via yeast agglutination-aggregation is not the most likely scenario. However, it is possible that beneficial effects of yeast and yeast derived products on intestinal detoxification (Stanley et al., 1993; Pizzolitto et al., 2013) , gut morphology and enhancement of intestinal mucosal barrier (Gao et al., 2008; Haldar et al., 2011; Shao et al., 2013) , modulation of intestinal mucin dynamics (Cheled-Shoval et al., 2014) , immunomodualtion (Cox et al., 2010, Shanmugasundaram and Selvaraj, 2012) , and stimulation of the intestinal secretion of secretory IgA (Gao et al., 2008; Shao et al., 2013) could explain the ability of S. cerevisae var. boulardii to reduce SE. For example, secretory IgA is the primary immunoglobulin at the mucosal surfaces (Salyers and Whitt, 1994) and its increased content could prevent SE and other bacteria from colonizing the intestine. In addition, the overall maturation of gut associated lymphoid tissue (Bar -Shira et al., 2003) and gut microbiota (Lu et al., 2003; Torok et al., 2011) with age could be concomitant with Salmonella diminishing frequency and levels with time post challenge (Stern, 2008; Mountzouris et al., 2009) . It is also possible that yeast synergies with other bacteria towards elimination of Salmonella at litter level (Sheffield et al., 2014 ) may reduce Salmonella recycling via the litter and therefore explain the reduced Salmonella on the carcass skin noted in this work, but this would have to be studied further.
This study has generated new information on the effects of yeast supplementation on selected predominant members of cecal microbiota in broilers challenged or not with SE. The cecal microbiota constituents studied comprised members of the phyla Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria, known to represent up to 98% of the gut microbiota (Lopetuso et al., 2013) . While it is known that major dietary changes (e.g., maize versus wheat based diets) can impact cecal microbiota composition (Apajalahti et al., 2004; Teirlynck et al., 2009) , yeast inclusion at 50 mg/kg diet did not affect any of the cecal microbiota constituents studied on d 1 and d 21 post-SEchallenge. In the literature, there is hardly any information on yeast culture supplementation effects on gut microbiota that could serve for comparison purposes with this study. However, certain changes in the levels of small intestinal (Muthusamy et al., 2011) and cecal bacteria (Shanmugasundaram et al., 2013) have been reported in studies assessing lysed yeast or cell wall supplementation in broilers.
However, on d 1 post-SE-challenge and irrespective of yeast supplementation, SE-challenge affected all cecal microbiota constituents except Lactobacillus spp. This is the first time that a generalized Salmonella challenge depression effect on cecal levels of total bacteria, E. coli and constituents belonging to clostridia, bacteroides, and bifidobacteria has been reported. Interestingly, by d 21 post-SE-challenge, most of the affected microbiota components recovered and only Bifidobacterium spp. and Lactobacillus spp. were reduced compared to the non-SE-challenged birds. This could be a sign of a microbiota gradual recovery with the more dominant members in broiler ceca such as clostridia and Bacteroides recovering first compared to less dominant cecal constituents such as Bifidobacterium and Lactobacillus.
The changes above denote a major disturbance of gut microbiota balance. At first sight the reductions noted in E. coli and clostridia belonging to cluster I (known as C. perfrigens subgroup) that harbor primarily pathogenic species such as C. perfrigens (Wise and Siragusa, 2007; Teirlynck et al., 2009 ) could be considered to be of no major concern. On the contrary, commensal clostridia belonging to Clostridium cluster XIVa (known as C. coccoides -Eubacterium rectale group) and cluster IV (known as the C. leptum group) are not only predominant members of the broiler cecal microbiota (Lu et al., 2003; Wise and Siragusa, 2007) but also play a critical beneficial role in the maintenance of gut homeostasis via their interactions with other commensal microorganisms, their colonization, and metabolic functions such as the production of butyrate (Wise and Siragusa, 2007; Teirlynck et al., 2009; Lopetuso et al., 2013) . Therefore their population reduction along with reductions in other beneficial members of the gut microbiota such as Lactobacillus and Bifidobacterium could be regarded as a risk factor for overall gut and animal health. However, due to the large complexity of the chicken gut microbial ecology, at this stage it is not possible to conclude on the physiological relevance of these changes without further extensive research.
Overall broiler mortality was not affected by Salmonella Enteritidis challenge. Salmonella challenge impacted negatively growth performance compared to the non-SE-challenged treatments. Yeast supplementation (Y-SE) helped to restore overall post-SE-challenge FCR and EPEF values to levels not different from the respective non-SE-challenged ones. In addition, a reduced cloacae and carcass breast skin Salmonella load and incidence (i.e. neck skin) was shown for the yeast supplemented broilers suggesting a potential benefit for reducing contamination of the food chain. Finally, SEchallenge resulted in a significant disturbance of cecal microbiota balance that needs to be further investigated for its implications in gut and bird health.
